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ABSTRACT 

Expressions f o r  c a l c u l a t i n g  t h e  p a t h  loss of  a r a d i o  

The expres s ions  apply t o  a r a d i o  l i n k  u t i l i z i n g  a ver-  
l i n k  are p resen ted  i n  a form s u i t a b l e  f o r  use  on a d i g i t a l  com-  
p u t e r .  
t i c a l l y  p o l a r i z e d  s i g n a l  and ope ra t ing  n e a r  a rough s p h e r i c a l  
s u r f a c e  such as t h a t  of t h e  moon. 

Three forms of p a t h  l o s s  expres s ions  are p resen ted  - 
one f n r  each of t h e  p o s s i b l e  t ransmiss ion  r eg ions  i n  which a 
r e c e i v i n g  antenna could  be loca ted .  

1. Dif fuse  r e f l e c t i o n  region - nea r  t h e  t r a n s m i t t i n g  
antenna.  

2. Specular  r e f l e c t i o n  region - beyond r eg ion  1 and 
ex tending  t o  nea r  t h e  hor izon .  

3 .  D i f f r a c t i o n  region - near t h e  hor izon  and beyond. 

The t h r e e  p a t h  loss  express ions  a r e  based on t h r e e  
types  of a n a l y s i s .  The f i r s t ,  d i f f u s e  r e f l e c t i o n  r eg ion ,  is  
based on t h e  a n a l y s i s  of  a s i m p l e  f r e e  space pa th :  t h e  second, 
s p e c u l a r  r e f l e c t i o n  r eg ion ,  i s  based on a geometr ic  o p t i c s  
a n a l y s i s ;  and t h e  t h i r d ,  d i f f r a c t i o n  r eg ion ,  i s  based on Bremmer's 
r e s i d u e  series a n a l y s i s  of propagat ion.  

p re sen ted  are p l o t t e d  f o r  t h e  fol lowing two Apollo l u n a r  s u r f a c e  
r a d i o  l i n k s :  

Resu l t s  of pa th  l o s s  c a l c u l a t i o n s  us ing  t h e  expres s ions  

1) Lunar Module - Extra  Vehicular  Astronaut  (LM-EVA) 

2 )  Ext ra  Vehicular  Astronaut (1) - Ext ra  Vehicular  
As t ronaut  (2) (EVA-EVA) 

SEE REVERSE S I D E  FOR DISTRIBUTION L I S T  
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TECHNICAL MEMORANDUM 

I. INTRODUCTION 

I n  r e f e r e n c e  [l] Schmid p resen ted  expres s ions  f o r  
p r e d i c t i n g  t h e  p a t h  l o s s  f o r  a r a d i o  l i n k  o p e r a t i n g  nea r  a 
rough s p h e r i c a l  s u r f a c e .  Schmid's a n a l y s i s  has  been ex ten-  
ded by t h e  use  of B r e m m e r ' s  [ 2 ]  r e s i d u e  series a n a l y s i s  f o r  
c a l c u l a t i n g  t h e  p a t h  loss i n  t he  r eg ion  immediately beyond 
t h e  s p e c u l a r  r e f l e c t i o n  reg ion ,  and a l s o  by a g e n e r a l  a n a l y s i s  
of t h e  l i n k  geometry. Expressions have been de r ived  t h a t  
permi t  implementhq the  revised p a t h  l o s s  e x p r e s s i o n s  i n  a 
d i g i t a l  computer program t o  provide r a p i d  and, it is  b e l i e v e d ,  
a c c u r a t e  c a l c u l a t i o n s .  

Resu l t s  of p a t h  loss c a l c u l a t i o n s  us ing  t h e  r e v i s e d  
e x p r e s s i o n s  summarized i n  Table I are compared i n  f i g u r e s  1-3 
wi th  t h o s e  r e s u l t s  p r e d i c t e d  by Schmid. The comparison shows 
t h e  fo l lowing:  

1. The approximation f o r  t h e  g raz ing  a n g l e  

used by Schmid i s  v a l i d  f o r  bo th  t h e  LM-EVA and 
t h e  EVA-EVA case over t h e  e n t i r e  range of  t h e i r  
s p e c u l a r  r e f l e c t i o n  regions. The l u n a r  s u r f a c e  
r e f l e c t i o n  f a c t o r  r r  = rpPrmsDiv c a l c u l a t e d  h e r e  
and shown i n  f i g u r e  1 i s  equa l  t h a t  p l o t t e d  by 
Schmid. 

2 .  The approximation for  t h e  phase d e l a y  

4-n:  + (411hlh2)/XRsd 

of  t h e  r e f l e c t e d  s i g n a l  used by Schmid f o r  t h e  
EVA-EVA case is  v a l i d  over  t h e  e n t i r e  s p e c u l a r  
r e f l e c t i o n  reg ion .  The p a t h  l o s s  c a l c u l a t e d  h e r e  
shown i n  f i g u r e  2 i s  equa l  t o  t h a t  p l o t t e d  by Schmid. 
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3 .  The use  of t h e  approximation f o r  t h e  phase d e l a y  

I$ = II+II hl+2hlh2+h2 [ IRsd * ] 

1 
1 
8 

1 
I 
s 
1 
I 

of t h e  r e f l e c t e d  s i g n a l  used by Schmid f o r  t h e  
LM-EVA case r e s u l t s  i n  a lesser p a t h  loss than  
if the more a c c u r a t e  

2rl6 

x 
'path = d i f f e r e n c e  i n  l e n g t h  of 

I$ = n + p a t h  

t h e  d i r e c t  and r e f l e c t e d  
p a t h s  c a l c u l a t e d  from t h e  
l i n k  geometry 

expres s ion  f o r  t h e  phase d e l a y  i s  used. F igu re  3 
shows t h i s  d i f f e r e n c e  i n  t h e  c a l c u l a t e d  p a t h  losses. 

11. ANALYSIS OF THE PROBLEM 

For a n a l y s i s  t h e  region extending from a t r ansmi t -  
t i n g  an tenna ,  l o c a t e d  on a rough s p h e r i c a l  s u r f a c e ,  t o  a p o i n t  
below t h e  hor izon  can convenient ly  be d iv ided  i n t o  t h r e e  
r e g i o n s .  These r eg ions  are def ined  as fo l lows:  

1. Diffuse  R e f l e c t i o n  Region 

2 .  Specular  R e f l e c t i o n  Region 

3 .  D i f f r a c t i o n  Region 

The b a s i s  f o r  d e f i n i n g  t h e s e  reg ions  l i e s  i n  t h e  c h a r a c t e r  
of t h e  r a d i o  s i g n a l  t h a t  e x i s t s  a t  t h e  r e c e i v i n g  antenna.  I f  
t h e r e  e x i s t s  a l i n e  of  s i g h t  path between t h e  an tennas ,  t hen  
reflected and direct s i g n a l s  w i l l  be  p r e s e n t  a t  t h e  r e c e i v i n g  
antenna.  Since t h e  c o n t r i b u t i o n  t o  t h e  r ece ived  s i g n a l  w i l l  
be s i g n i f i c a n t  if t h e  r e f l e c t i o n  from t h e  s u r f a c e  i s  s p e c u l a r  
and n e g l i g i b l e  (by d e f i n i t i o n )  i f  d i f f u s e ,  the  boundary between 
r e g i o n s  (1) and ( 2 )  above is  c a l c u l a t e d  f r o m  t h e  Rayleigh cri-  
t e r i o n  which is  a f u n c t i o n  of the carrier s i g n a l  wavelength,  
t h e  g r a z i n g  ang le  of t h e  r e f l e c t e d  s i g n a l ,  and t h e  roughness 
of t h e  s p h e r i c a l  s u r f a c e .  I f  no  l i n e  of s igh t  p a t h  e x i s t s  
between the  an tennas  it i s  assumed f o r  t h i s  a n a l y s i s  t h a t  the  
only  p r o c e s s  by which a r a d i o  wave can be propagated t o  t h e  
r e c e i v i n g  antenna i s  by the  d i f f r a c t i o n  phenomenon; t h e r e f o r e ,  
r e g i o n  ( 3 )  above i s  de f ined  as t h a t  r eg ion  beyond which t h e  
s p e c u l a r  r e f l e c t i o n  a n a l y s i s  i s  no longe r  val id .  
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T h e  model of the t ransmiss ion  p a t h  t h a t  w i l l  be 
I used i n  t h e  fo l lowing  d i s c u s s i o n  i s  shown i n  f i g u r e  4 ;  it 

c o n s i s t s  of t w o  antennas pos i t i oned  hl and h2 meters, respec-  
t i v e l y ,  above t h e  l u n a r  s u r f a c e  - s e p a r a t e d  by a s u r f a c e  d i s -  
t a n c e  of Rsd meters. 

d i c t i n g  t h e  s i g n a l  rece ived  i n  each of the r eg ions  de f ined  
above, o u r  problem i n  c a l c u l a t i n g  p a t h  loss f o r  a given radio 
l i n k ,  therefore, reduces t o  simply determining the  r eg ion  i n  
which o u r  r e c e i v i n g  antenna i s  loca ted .  

111. EXISTENCE OF LINE OF S I G H T  PATH DETERMINED 

1 
Since  mathematical models have been de r ived  f o r  pre-  

, 
I 8 

I f  t h e  s u r f a c e  i s  approximated by a smooth sphe re ,  
t hen  t h r e e  p o s s i b l e  conf igu ra t ions  of t h e  s u r f a c e  r a d i o  l i n k  
are shown i n  f i g u r e  4 .  These conf igu ra t ions  are  t h e  fo l lowing:  

a )  The s t r a i g h t  l i n e  connect ing t h e  t w o  antennas 
when extended i n t e r s e c t s  t h e  s u r f a c e  of a sphere  
t h a t  has  a r a d i u s  Ra. 

b )  The s t r a i g h t  l i n e  connect ing t h e  t w o  antennas does 
n o t  i n t e r s e c t  t h e  s u r f a c e  of a sphere  t h a t  has  
a r a d i u s  Ra. 

c )  The s t r a i g h t  l i n e  connectiiig t h e  two antennas 
i n t e r s e c t s  t h e  s u r f a c e  of  a sphere  t h a t  has  a 
r a d i u s  Ra; t h i s  i n t e r s e c t i o n  e x i s t s  between the  

two antennas.  

To determine which of t h e  above c o n f i g u r a t i o n s  a p p l i e s  
t o  a g iven  combination of a n t e n n a  h e i g h t s  and l i n k  l e n g t h s ,  
t h e  l o c a t i o n s  if any, of i n t e r s e c t i o n s  between t h e  s t r a i g h t  
l i n e  connec t ing  t h e  t w o  antennas and a c i rc le  wi th  a r a d i u s  Ra 8 
are c a l c u l a t e d .  

P l ac inq  t h e  o r i g i n  of a r e c t a n g u l a r  coord ina te  
system a t  t h e  ceGter of a - c i r c l e ,  t h e  c i rc le  is desc r ibed  by 

~8 
2 2 2 

x + y  = R a  

Ra = Radius i n  meters 
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and t h e  s t r a i g h t  l i n e  connect ing t h e  t w o  antennas i s  desc r ibed  by 

y = m x + b  (2  1 
b = The y a x i s  i n t e r c e p t  = Ra+hl meters 

hl = Height of antenna (1) i n  meters 

Y i - Y j  
m = Slope of l i n e  = -x i j  

To f i n d  t h e  s l o p e  m,  the  coord ina te s  of antenna ( 2 )  are ca l cu -  
l a t e d  and de f ined  as X, Y. (See f i g u r e  4 ) .  

C = t h e  central ang le  de f ined  by ( 3 )  
= RSfR t h e  antenna s e p a r a t i o n  Rsd a 

X = (Ra+h2) cos ( l l - O c )  = ( R  a +h2) s i n  Oc ( 4  1 
2- 

Y = (Ra+h2) s i n  ( l l - O c )  = ( R  a +h2) cos Oc (5) z 

h2 = h e i g h t  of  antenna (2 )  i n  meters 

then  

= 'R +h2'  COS 9 - /R  +h- a c , a i: 
'R +h2'  s i n  0 

C 
1 

a 

~ 8 Now s u b s t i t u t i n g  equa t ion  2 i n t o  1 and s o l v i n g  f o r  x g i v e s  

2 2 x2 + (mx+b) = Ra 
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2 
1 / 2  

2 2  b -Ra 

= -7 l + m  + [(q2 - (1+m2 )] 
y1 = mxl+b 

(7) 

y2 = mx2+b 

The f i g u r e  4 con f igu ra t ion  t h a t  a p p l i e s  t o  a g iven  
set  of antenna h e i g h t s  and l i n k  l e n g t h s  i s  t h e r e f o r e  d e t e r -  
m; AUALICU ..-a from eqiiation (7) and ( 8 )  as follows: 

L e t  x1Lx2 and both  a r e  p o s i t i v e  i f  hlih2 

1. I f  x1 and x2 are r e a l  and xl> x then  t h e  conf igura-  
t i o n  of  f i g u r e  4a a p p l i e s  t o  t h e  given r a d i o  l i n k .  

2 .  I f  x1 and x2 are r e a l  and xl<X then  t h e  c o n f i g u r a t i o n  
of f i g u r e  4c a p p l i e s  t o  t h e  g iven  r a d i o  l i n k .  

3 .  I f  x1 and x2 are imaginary, t h e n ,  t h e  c o n f i g u r a t i o n  
of 4b a p p l i e s  t o  t h e  given r a d i o  l i n k .  

An approximation t h a t  i s  u s e f u l  f o r  t h i s  smooth surface 
case d e f i n e s  t h e  s u r f a c e  d i s t a n c e  t o  t h e  horizon:  t h i s  is expressed  
a s  fo l lows :  

h = Height of t h e  given antenna 



FIGURE 5 INTERFERENCE OF LINE OF SIGHT PATH BY ROUGH SURFACE 
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The maximum s u r f a c e  d i s t a n c e  between an tennas  t h a t  s t i l l  
pe rmi t s  a l i n e  of s i g h t  p a t h  t o  e x i s t  between them i s  t h e r e -  
fore d e f i n e d  by 

For a s u r f a c e  t h a t  i s  rough b u t  e s s e n t i a l l y  s p h e r i c a l  
i n  shape ,  t h e  c o n f i g u r a t i o n  of f i g u r e  5 must be cons idered .  
The s t anda rd  d e v i a t i o n  of  t h e  h e i g h t s  i n  t h e  s u r f a c e  i r r e g u -  
l a r i t i e s  i s  de f ined  as  Ah. Assuming t h a t  it w a s  determined 
by t h e  a n a l y s i s  f o r  t h e  smooth surface above t h a t  a l i n e  of 
s i g h t  p a t h  e x i s t s  f o r  a given r a d i o  l i n k ,  w e  must now d e t e r -  
mine i f  t h i s  p a t h  clears t h e  rough s u r f a c e .  

by t h e  law of  s i n e s  

%, Ra+hl Rh, Ra+h2 
I -  L --. sinOrl s inn  

z T 

t h e  maximum surface d i s t a n c e  between t w o  an tennas ,  l o c a t e d  
on a rough s u r f a c e ,  t h a t  permi ts  a l i n e  of s i g h t  path to 
e x i s t  between them is  t h e r e f o r e  g iven  by 

Rsd MAX (rough) = ( O r 1 + O r 2  1 Ra (13) 



\ 

FIGURE 6 -REFLECTIONS FROM A ROUGH SURFACE 



BELLCOMM. INC. - 7 -  

IV. PATH LOSS FOR THE F.EGION ABOVE THE HORIZON 

a .  Rayleigh C r i t e r i o n  

Assuming t h a t  it h a s  been de te rmined  t h a t  a l i n e  
of s i g h t  p a t h  e x i s t s  between t h e  t w o  antennas of a g iven  r a d i o  
l i n k  o p e r a t i n g  near  a rough s p h e r i c a l  s u r f a c e ,  w e  must t h e n  
determine i f  t he  r e f l e c t i o n s  from the  s u r f a c e  a r r i v i n g  a t  t h e  
r e c e i v i n g  antenna can be considered t o  be d i f f u s e  o r  specu la r .  
T h i s  d i s t i n c t i o n  i s  provided by t h e  Rayleigh [3] c r i t e r i o n .  

A plane  p a r a l l e l  wave a f t e r  being r e f l e c t e d  from 
a rough s u r f a c e  i s  comprised of a t  l e a s t  two components a s  
shown i n  f i g u r e  6 .  The Rayleigh r e l a t ion  simply i n d i c a t e s  t h e  
phase d i f f e r e n c e  or  spread i n  phases between these r e f l e c t e d  
components a s  a func t ion  of t h e  s u r f a c e  roughness (Ah) and t h e  
g raz ing  ang le  (0 ) of t h e  i n c i d e n t  p lane  p a r a l l e l  wave. The 
"Rayleigh C r i t e r i o n "  

9 

4JIAh s i n  0 
A $  = - g rad ians  A 

h = wavelength of c a r r i e r  s i g n a l  

n 
2 t h e n ,  by s e t t i n g  A +  = - as a maximum a c c e p t a b l e  spread  i n  t h e  

phases of t h e  reflected components [ 3 i ,  can be iised t o  establish 
a c o n s t r a i n t  on t h e  g raz ing  angle  (0 ) f o r  our  radio l i n k .  

Therefore ,  i f  r e l a t i o n  ( 1 6 )  i s  s a t i s f i e d  t h e  phase 
spread  of t h e  r e f l e c t e d  components i s  less than  n: r a d i a n s  and 
t h e  s u r f a c e  w i l l  be  considered smooth, capable  of suppor t ing  
s p e c u l a r  r e f l e c t i o n s ;  however, i f  t h i s  r e l a t i o n  i s  n o t  s a t i s -  
f i e d ,  t h e  r e f l e c t i o n s  w i l l  be considered d i f f u s e .  The calcu-  

z 
4 

l a t i o n  of t h e  g raz ing  ang le  w i l l  be  d i scussed  l a t e r .  

E 
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FIGURE 7 +INTERFACE GEOMETRY USED IN CALCULATING THE 
SURFACE COMPLEX REFLECTION COEFFICIENT 
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FIGURE 8 - GEOMETRY FOR REFLECTION REGION ASSUMING TRANSMISSION OVER 
A SMOOTH SPHERICAL SURFACE USING TWO DIPOLES 
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b. Pa th  Loss fo r  t h e  Diffuse R e f l e c t i o n  Region 

Since  s u r f a c e  r e f l e c t i o n s  t h a t  are d i f f u s e  w i l l  
c o n t r i b u t e  l i t t l e  t o  t h e  s i g n a l  rece ived  a t  t h e  r e c e i v i n g  
an tenna ,  t h e  p a t h  loss for  the  region where r e l a t i o n  ( 1 6 )  i s  
no t  s a t i s f i e d  i s  c l o s e l y  approximated by the p a t h  l o s s  of a 
free space  pa th .  

P a t h  l o s s  + 32 .45  db 

= Direct p a t h  d i s t a n c e  between an tennas  i n  
Rf skm k i lome te r s  

F = Frequency of Carrier S igna l  i n  Mhz 

C.  The Grazing Angle Calcu la ted  

A wave i n c i d e n t  on a s u r f a c e  a t  an ang le  0 (see 
f i g u r e  7) w i l l ,  i f  r e f l e c t e d  a t  a l l ,  be r e f l e c t e d  f r o m  t h a t  
s u r f a c e  a t  an angle  O r  where 

i 

if b o t h  a n g l e s  are measured from a l i n e  drawn imrmal t o  t h e  
s u r f a c e  a t  t h e  p o i n t  on t h e  s u r f a c e  where r e f l e c t i o n  occurs .  
The magnitude of t h e  r e f l e c t e d  s i g n a l  i s  a f u n c t i o n  of t h i s  
i n c i d e n t  o r  r e f l e c t i o n  angle. I n  t h e  d i s c u s s i o n  t h a t  fo l lows  
t h e  compliment of  l o i [  = I O r [  i s  de f ined  as t h e  g r a z i n g  ang le  0 

Direct c a l c u l a t i o n  of t h i s  angle  i s  n o t  p o s s i b l e ,  however, 
an  i t e r a t i v e  technique w i l l  now be presented  t h a t  works  q u i t e  
w e l l .  

g' 

Turning now t o  f i g u r e  8 ,  w e  see t h a t  t h e  fo l lowing  
in fo rma t ion  i s  known: 

hl' h2 1. The h e i g h t s  of t h e  two antennas - 
2 .  The s u r f a c e  d i s t a n c e  between t h e  an tennas  - arc 

l e n g t h  Rsd 

3 .  The f ac t  t h a t  10 I = 10 I 
g l  9 2  

4 .  The ang le s  o and o are measured f r o m  a l i n e  t h a t  

i s  t angen t  t o  the s u r f a c e  a t  t h e  p o i n t  where ref lec-  
t i o n  occurs .  

g l  92 
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I 
Using the law of sines the following relation is 

obtained. (See figure 8). 

Ra hl+Ra 

since 
sin [I+ 2 01 = sin - n cos o - + cos - n sin o 

2 2 
= cos0 

then 
Ra - - hl+Ra 
cos (Bgl+Ocl) cos 0 91 

Ra cos o cos o -sin sin o 
gl c l  ql cl - - 

91 hl+Ra cos 0 

Then solving for 0 gives 
gl 

1 cos OCl 
l a  0 = tan 

gl 

J - sin Ocl L 
and in a similar manner 

c21 - cos 0 Ra 
0 9 2  = tan-’ I,,+, 

c2 1 - sin 0 1 
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The l o c a t i o n  of t h e  r e f l e c t i o n  p o i n t  on t h e  s u r f a c e  
i s  unknown, consequent ly ,  0 
n e c e s s i t a t e s  t h e  u s e  of t h e  i t e r a t i o n  p r o c e s s  t o  f i n d  t h e  com- 
b i n a t i o n  o f  Ocl and Oc2 t h a t  r e s u l t s  i n  0 
by e q u a t i o n s  ( 2 0 )  and ( 2 1 ) .  

and Oc2 are unknown, which c l  

= 0 as de f ined  
91 9 2  

An i t e r a t i o n  p r o c e s s  t h a t  w i l l  perform q u i t e  w e l l  
i s  as fol lows:  

1. 

2 .  

3 .  

4 .  

5. 

S e t  upper and l o w e r  bounds on Ocl t h a t  

i n i t i a l l y  are con t r a ined  t o  

OC 1 (high)  = o C 

Ocl ( l o w )  = 0 

S e l e c t  a t es t  Ocl by 

j and k are a r b i t r a r y  i n t e g e r s  used t o  increment  

'cli 

C a l c u l a t e  Oc2  by 

- - Ocl oc2 - 0, 

C a l c u l a t e  0 and 0 by (20) and ( 2 1 )  
gl 92 

a.  If  1 0  - 0 1 i s  w i t h i n  t h e  accuracy  d e s i r e d  
91 9 2  

t h e  s o l u t i o n  i s  complete. 

b. If 8 i s  neqa t ive  or OH,> O m ,  t h e n  s tore  t h e  
9 2  Y l  Y k  

magnitude of oCl t h a t  w a s  used and increment  j, 

c. I f  Og1<Og2 t h e n  increment k ,  reset  j t o  some 

c l  ( l o w )  l o w  i n i t i a l  va lue ,  se t  0 

used f o r  which 0 w a s  n e g a t i v e  
92 v a l u e  of Ocli 

used f o r  which og1<Og2, and repeat v a l u e  of Ocli  

s t e p s  2 ,  3 ,  4 and 5. 

t o  t h e  largest  

t o  t h e  smallest  set 'cl ( h i g h )  Or 041'092' 
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The r e s u l t  of t h i s  i t e r a t i o n  should g i v e  a g r a z i n g  
t h a t  s a t i s f i e s  t h e  fo l lowing:  

d. R e f l e c t i o n  C o e f f i c i e n t  f o r  a Plane Surface  

Using t h e  g r a z i n g  angle  0 a s  d e f i n e d  above and 
assuming the s u r f a c e  t o  be a f l a t  p l ane  (see f i g u r e  7 )  t h e  
r e f l e c t i o n  c o e f f i c i e n t  f o r  a v e r t i c a l l y  p o l a r i z e d  s i g n a l  
can be expressed  by [ 3 ]  

g 

- 
E =  E -j60Xa 

C r 

E = Rela t ive  d i e l e c t r i c  c o n s t a n t  of 
t h e  s u r f a c e  r 

A = Wavelength of carr ier  s i g n a l  i n  
meters 

0 = Conduct ivi ty  of t h e  s u r f a c e  i n  
mhos/meter 

and expressed  i n  p o l a r  form by 

e. Divergence of a Sphe r i ca l  Sur face  

The re f lec t ion  c o e f f i c i e n t  ( r  ) def ined  i n  t h e  
P 

p rev ious  s e c t i o n  i s  de r ived  f o r  a p l ane  s u r f a c e ;  t h i s  f a c t o r  
can be used f o r  a s p h e r i c a l  s u r f a c e  also bu t  it must be m u l t i -  
p l i e d  by t h e  d ivergence  factor (Div) of t h e  s u r f a c e .  Divergence 
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i s  s t r i c t l y  a func-ion of t h e  cu rva tu re  of t,,e s u r f a c e  from 
which a s i g n a l  is  reflected. 
s u r f a c e  t h e  divergence f a c t o r  i s  g iven  by [ 3 ]  (see f i g u r e  8 )  

For a p e r f e c t l y  smooth s p h e r i c a l  

s i n 0  

The r e f l e c t i o n  c o e f f i c i e n t  t hen  f o r  a smooth 
s p h e r i c a l  s u r f a c e  i s  

I t  i s  impor tan t  t o  note  t h a t  e q u a t i o n  (26) i s  only  
v a l i d  i f  the  fo l lowing  c o n s t r a i n t  on the  g r a z i n g  ang le  i s  s a t i s -  
f i e d  [ 4 ] :  

o > ] r a d i a n s  - g- 

f .  Rough ~~ S u r f a c e  Correc t ion  Fac to r  

In  a d d i t i o n  t o  causing a d i s p e r s i o n  of the  phase of 
t h e  i n c i d e n t  wave, the rough s u r f a c e  a lso causes  s c a t t e r i n g  of 
t h e  i n c i d e n t  wave. The f a c t o r  by which t h e  smooth s u r f a c e  re- 
f l e c t i o n  c o e f f i c i e n t  must be  m u l t i p l i e d  t o  account  f o r  t h i s  
rough s u r f a c e  s c a t t e r i n g  i s  de r ived  i n  r e f e r e n c e  [ 3 ]  t o  be 

The r e f l e c t i o n  c o e f f i c i e n t  t hen  for  a rough spherical 
s u r f a c e  i s  
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g. B r e w s t e r  Angle Ca lcu la t ion  

F o r  a v e r t i c a l l y  po la r i zed  wave i n c i d e n t  on a 
nonmagnetic s u r f a c e ,  t h e  r e f l e c t e d  s i g n a l  f a l l s  t o  zero i f  
t h e  i n c i d e n t  ang le  i s  equa l  t o  t h e  B r e w s t e r  o r  p o l a r i z i n g  
a n g l e  d e f i n e d  by [51: 

-1 0 = t a n  i 

assuming t h a t  t h e  medium above t h e  l u n a r  s u r f a c e  i s  free 
space ,  t h e  B r e w s t e r  ang le  f o r  t h e  l u n a r  s o i l  i s  g iven ,  i n  
terms o f  t h e  g r a z i n g  a n g l e ,  by 

= - -  1 / 2  0 g ( B r e w s t e r )  TI 2 tan-' ( E i r )  

h. Phase Delay of Reflected S igna l  

T h e  s p e c u l a r  r e f l e c t i o n  r eg ion  i s  also r e f e r r e d  t o  
as t h e  i n t e r f e r e n c e  r eg ion  because i n  t h i s  r eg ion  t h e  t r a n s -  
m i t t e d  s i g n a l  t r a v e l i n g  t h e  most direct  p a t h  t o  t h e  r e c e i v i n g  
antenna i s  i n  p a r t  c a n c e l l e d ,  or r e i n f o r c e d  , by t h e  r e f l e c t e d  
s i g n a l  t h a t  i s  delayed by some phase  l ' O r f ' l a  T h i s  phase d e l a y  
is a f c n c t i o n  of t w o  parameters ,  1) t h e  phase of t h e  p l ane  
s u r f a c e  r e f l e c t i o n  coef f ic ien t  "Or", and 2 )  t h e  d i f f e r e n c e  i n  
t h e  p a t h  l e n g t h s  of t h e  d i r e c t  and t h e  r e f l e c t e d  s i g n a l  " G p a t h l ' .  

The phase 
i s  g iven  by equa t ion  

The phase 

of t h e  plane 
(25  1 

p r  
de lay  caused 

surface r e f l e c t i o n  c o e f f i c i e n t  

by t h e  d i f f e r e n c e  i n  t h e  
p a t h  l e n g t h s  i s lca lcu la ted  as f o l l o k :  (see f i g u r e  8 )  

A f t e r  t h e  g raz ing  angle  has been determined,  t h e  
t w o  c e n t r a l  a n g l e s  oCl and Oc2 a r e  a l so  known: t h e r e f o r e ,  t h e  

legs of t h e  r e f l e c t e d  p a t h  are 
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by t h e  l a w  of s i n e s :  

c l  

g 

s i n 0  
Rrl = (Ra*hl' cos0 

and l i k e w i s e  
c 2  

g 

s i n 0  
R r 2  = (Ra+h2' cos0 

by t h e  l a w  of c o s i n e s  t he  d i r e c t  p a t h  l e n g t h  i s  

( 3 3 )  

s 2  = (Ra+hl) 2 + (Ra+h2) 2-2 ( R  +hl) (Ra+h2) c O S O c  R f s  [ a 

then  t h e  d i f f e r e n c e  i n  the t w o  p a t h  l e n g t h s  is 

t h e  t o t a l  phase d e l a y  f o r  t h e  r e f l e c t e d  p a t h  then  i s  

2 n 6 p a t h  
+ A  O r f  = o r  

i. Antenna Gains 

(34) 

(36) 

Assuming t h a t  t h e  antennas used i n  t h e  r a d i o  l i n k  
are d i p o l e s  whose g a i n  p a t t e r n  can be expressed  by 

(37) cos fa cos B )  
Antenna Gain = 

s i n  B 

B = t h e  ang le  measured between 
t h e  s i n g l e  p a t h  and t h e  l o c a l  
ver t ica l  
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can be c a l c u l a t e d  us ing  t h e  l a w  

cos 

of s i n e s  and t h e  
t h e  

and 

an tenna  g a i n s  
l a w  of  c o s i n e s  (see f i g u r e  8 )  

a )  For  t h e  d i r e c t  p a t h  

= RGs+ (Ra+hl) L - 2 R f s  (R a +hl) ( 3 8 )  

c o s  

R f s  R +h2 a 
s i n 0  

- - 
s i n 0  I d  C 

s i n 0  = (Ra+h2) sinOc Id  
Rf s 

(39) 

l i k e w i s e  2 - (R,+h,) 2 
(R,+h1I2 - R fs L. coso2d = -2Rfs( R a +hZ) 

sinOqd = (Ra+hl) sinOc 
Rfs 

b) For the reflected path 

2 - (Ra+hl) 2 2 
Ra - Rrl cos Olr = -2Rr1 (Ra+hl 1 
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Ra 
s i n 0  l r  

and l i k e w i s e  

2 r  cos  0 

s i n  o~~ 

Ra+hl 

s i n  = lr  

- 1 6  - 

- - Ra+hl 
cos0 

g 

cos 0 
g 

Ra 
Ra+hl 

cos 0 
g 

Ra 
R +h2 a 

( 4 3 )  

( 4 4  1 

(45) 

Defining t h e  t r a n s m i t t i n g  antenna g a i n s  f o r  t h e  
direct  and r e f l e c t e d  pa ths  r e s p e c t i v e l y  as Gtdf  Gtr and t h e  
r e c e i v i n g  antenna g a i n s  f o r  t h e  d i r e c t  and r e f l e c t e d  p a t h s  
r e s p e c t i v e l y  as G 

be w r i t t e n  d i r e c t l y .  
t h e  express ions  f o r  t h e s e  g a i n s  can r d ‘  ‘rr 

rn 
cos 1-2 cos [@ld)J 

I d  s i n  0 

n 

s i n  o 
cos  [T cos (olr]] 

l r  

cos cos b2d)] 
s i n  o~~ 

2 r  s i n  0 

( 4 7 )  

j. P a t h  Loss fo r  t h e  Specular R e f l e c t i o n  o r  I n t e r f e r e n c e  Region 

I t  has been s t a t e d  e a r l i e r  t h a t  i n  t h e  i n t e r f e r e n c e  
reg ion  t h e  d i r ec t  s i g n a l  i s  i n  p a r t  c a n c e l l e d  or  r e i n f o r c e d  by 
t h e  reflected s i g n a l .  The c o n t r o l l i n g  factors  i n  t h i s  phenomenon 



FIGURE 9 - VECTOR DIAGRAM OF RECEIVED SIGNAL (E) IN SPECULAR REFLECTION REGION 
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a r e  t h e  magnitudes of t h e  t w o  s i g n a l s  and t h e  r e l a t i v e  phase 
between them. This  means t h a t  t h e  detected s i g n a l  a t  t h e  
r e c e i v e r  "E" i s  t h e  vector sum of t h e  d i rec t  and t h e  reflec- 
t e d  s i g n a l  p r e s e n t  there. Then (see f i g u r e  9 )  a l so  see re f .  [ 6 ]  
page 136.  

E2 

Ed 

Er 

0 
E 
_. 

Rfs 

= ( E  s i n  o l 2  + ( E ~  + cos o 1 2 
r rf rf 

2 2 
r rf = E + Ed + 2Ed Er cos 0 

(50 )  

= The d i r e c t  s i g n a l  r ece ived  

E! 
- -  - G t d  Grd 

Rfs 

= The r e f l e c t e d  s i g n a l  r ece ived  

w i t h  a phase d e l a y  of 
'rf 

= The f i e l d  s t r e n g t h  a t  a receiver, a d is tance  R f s  
f r o m  t h e  t r a n s m i t t e r  assuming t h a t  t h e  t r a n s -  
mission medium i s  free space.  

Then f o r  a r a d i o  l i n k  o p e r a t i n g  n e a r  a rough s p h e r i c a l  
s u r f a c e  t h e  r ece ived  s i g n a l  power i n  t h e  s p e c u l a r  r e f l e c t i o n  
r eg ion  i s  

2 E 

2 

G tdGrd l  

J 
+ (52) 
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The p a t h  l o s s ,  i n  excess  of t h a t  r e s u l t i n g  f r o m  a free space 
pa th  R f s  meters i n  l e n g t h  t h n  is given  by 

(53) 

rf + GtdGrd 

2 
rrlGtr G r r  I r I G t d G r d G t r G r r  cos ' f - ) 2  = [ 1 + 'path] + + 'path 

Rfs Rf s Rfs 

The t o t a l  p a t h  loss  f o r  the  s p e c u l a r  r e f l e c t i o n  r eg ion  t h e n  
i s  given by the  sum of equat ion  (17)  and (53) 

Pa th  

- 10 

loss  I1 = 20 ~oglORfskm+ t l  

loglo 

20 loglo F + 32.45 

+ 

(54) 

2 
(GtdGrd)  

J 
Rfs = Direct pa th  d i s t a n c e  between an tennas  i n  k i lome te r s  

and meters r e s p e c t i v e l y .  Rf skm , 

k. Bounds on Specular  Re f l ec t ion  Reqion 

I n  s e c t i o n  ( a )  , equat ion  ( 1 6 )  above, a c o n s t r a i n t  
was p l aced  on t h e  maximum magnitude of t h e  g raz ing  ang le  
t h a t  p e r m i t s  t h e  r e f l e c t i o n  process  t o  be cons idered  s p e m l a r .  
This c o n s t r a i n t  i s  r epea ted  here. 

L e t  

o c sin- '  [&I r ad ians  
g- 

Og max = s i n  [&E] ( 5 5 )  
r . J 

There i s  a l so  a c o n s t r a i n t ,  equa t ion  ( 2 8 )  , on t h e  
minimum magnitude of t h e  graz ing  ang le  r e s u l t i n g  from t h e  use  
of t h e  d ivergence  r e l a t i o n .  T h i s  c o n s t r a i n t  i s  r epea ted  here 
also.  

1/3  
0 > t a n  -1 [&-I r ad ians  
9- 
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FIGURE 10 - BOUNDS ON SPECULAR REFLECTION REGION 
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L e t  

1/3 ‘g min = t a n  -1 [&E-] 

- 19 - 

To p u t  t h i s  c o n s t r a i n t  i n  a more useab le  form w e  
conve r t  t h e s e  bounds t o  surface d i s t a n c e s  between t h e  antennas.  
(See f i g u r e  1 0 ) .  

Using t h e  l a w  of cos ines  
2 2  = ( R  +L1-2R L COS ( 7 ~  + 0 - 

2 (Ra+hl)  a a 1  

where L1 = L f l ,  o r  Lnl 

2 2  = R +L1+2R L s i n  0 
a a 1  gm 

Using t h e  q u a d r a t i c  formula: 
r 1 

= o  2 e R a  sin ogmJ + Ra 2 - 1 1 2 
L1 + L1 Ra+hl 

L1 =-2R s i n 0  + 
a gm- 

2 

- RasinO +, 
g m -  

Ra (- sinogm+ 2 s i n  o 
gm + 

+ 2Rahl+hl 

3 
Ra 

(57) 

(58) 

Since L1 i s  a d i s t a n c e  as shown i n  f i g u r e  1 0  and can never  be 
n e g a t i v e ,  t h e  p o s i t i v e  s i g n  i n  f r o n t  of t h e  r a d i c a l  must be used. 
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Now knowing L t h e  c e n t r a l  a n g l e  is  c a l c u l a t e d .  1 

L1 2 = ( R  +hl) 2 2  +Ra-2 (Ra+h ) R  
a l a  

L1- 2 (Ra+hl) 2 2  -Ra 

C 0 S O B  = -2 (Ra+hl) Ra 

In g e n e r a l  t h e  bounds i n  s u r f a c e  d i s t a n c e  are given 
by 

Bound = Ra O B  i n  meters 

where t h e  n e a r e s t  bound is 

- (Ra+hl) '-R: ] 
-2 (Ra+hl) Ra 

= R cos  Bound (nea r )  a 

+ Ra cos 

+ s i n  Og max+ = Ra 6 s i n O g  max c' a 

L n l  

+ -  + s i n  Og max - - sinOg max 
Ra R~ + 2h2 

1 '  ~ n 2  - R a  [ 
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and t h e  f u r t h e s t  bound i s  

J L 

-1 pi2- (Ra+h2)  2 -R: ] 
+ R cos 

a -2 (Ra+h2)  Ra 

+ s i n  0 g min - 
g min c' 

V-PATHLOSS FOR THE REGION NEAR AND BELOW THE HORIZON 

a .  General  R e l a t i o n  f o r  S igna l  S t r e n g t h  

Near t h e  ho r i zon  and below it ,  t h e  r e c e i v e d  s i g n a l  
i s  ccmprised e s s e n t i a l l y  of the s u r f a c e  wave t h a t  can be ca l cu -  
l a ted  u s i n g  t h e  r e s i d u e  ser ies  a n a l y s i s  by B r e m m e r  [ 2 ,  6 1 .  T h e  
fo l lowing  r e l a t i o n s  are t a k e n  from r e f e r e n c e  [ 6 ] .  

I n  g e n e r a l  t h e  r ece ived  s i g n a l  i n  t h i s  r e g i o n  can 
be expres sed ,  f o r  ve r t i ca l  an tennas ,  as 

Fs f ( h l )  f(h2) E =  - 
Rsd 

0 
E 
- = 
Rsd 

t h e  e lec t r ic  f i e l d  s t r e n g t h  a t  a d i s t a n c e  Rsd 
f r o m  t h e  t r a n s m i t t i n g  an tenna  f o r  a 
free space t r ansmiss ion  p a t h  

The fo l lowing  f a c t o r s  w i l l  be d i scussed  i n  more 
d e t a i l  below 

A1 = t h e  p lane  s u r f a c e  fac tor  t h a t  i s  a 
func t ion  of t h e  e lec t r ica l  p r o p e r t i e s  
o f  t h e  s u r f a c e  ma te r i a l  
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Fs = t h e  shadow factor t h a t  i s  a f u n c t i o n  of t h e  
c u r v a t u r e  of the  s u r f a c e  

f ( h l , 2 )  = t h e  antenna h e i g h t  ga in  f a c t o r s  t h a t  are a 
func t ion  of t h e  d i s t a n c e  which t h e  antennas 
are l o c a t e d  above t h e  s u r f a c e  

b. Plane Surface  Fac tor  

If t h e  s u r f a c e  w e r e  p lane  and p e r f e c t l y  conducting 
t h e  f a c t o r  A1 would e q u a l  u n i t y ;  however, f o r  a rea l  p lane  
s u r f a c e  t h i s  f a c t o r  i s  given by 

f o r  v e r t i c a l l y  p o l a r i z e d  waves 

1 

P 
I E c - l  I 
lECl 
- 2  

A = wavelength of t h e  carr ier  signal i n  
meters 

- 
E =  E -j60Aa 

C r 

E = r e l a t i v e  d i e l e c t r i c  c o n s t a n t  of 
t h e  s u r f a c e  i n  mhos/meter 

Rsd = s u r f a c e  d i s t a n c e  between antennas 

There i s  a c o n s t r a i n t  p laced  on t h e  r e l a t i o n  fo r  F 1  given 
above: r e f e r e n c e  [ 6 ]  s ta tes  t h a t  t he  fo l lowing  must be s a t i s f i e d  

A ; 1 0  meters 

50 
Rsd < I P wave i s  t r a n s m i t t e d  over  s e a  water  

and 
i f  A > 1 m e t e r  and t h e  v e r t i c a l l y  p o l a r i z e d  
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c. Shadow Fac to r  

The shadow f a c t o r  r e p r e s e n t s  t h e  e f fec t  of t h e  sur-  
face c u r v a t u r e  i n  i n c r e a s i n g  t h e  p a t h  loss over  t h a t  of a 
p l ane  s u r f a c e .  T h i s  factor  is def ined  as fo l lows:  

fo r  v e r t i c a l l y  p o l a r i z e d  waves 

T = mode numbers n 

There appears  t o  be some confusion i n  t h e  d e f i n i -  
t i o n  of  t h e  factor   IT^'' i n  r e fe rences  [ 2 ]  and [6]. 

f u s i o n ,  I b e l i e v e ,  stems i n  p a r t  from t h e  d i f f e r e n t  d e f i n i -  
t i o n s  used f o r  I 'd ' '  i n  t h e  two r e fe rences .  The fol lowing 
d e f i n i t i o n  i s  b e l i e v e d  t o  be c o n s i s t e n t  wi th  t h e  a n a l y s i s  
by Bremmer i n  r e f e r e n c e  [2]. 

This  con- 

743  
T = 1.856 e-j 

O f  O3 

71/3 
T = 3.245 e-' 1, O0 



- .  
BELLCOMM, INC. - 24 - 

and f i n a l l y  

2 . . .  T =  n T n,m - -3/2 1 6 - 4 / 2  4 T n,m 6 -5/2+ - 3  + -  2 n , m  6 -1 /2 2 ‘I 

- 5  6 

d. Antenna Height-Gain Factor 

Using t h e  shadow f a c t o r  and t h e  p l ane  s u r f a c e  f a c t o r  
d e s c r i b e d  p rev ious ly ,  t h e  rece ived  s i g n a l  c a n  be de f ined  f o r  
t h e  c a s e  where t h e  an tennas  a r e  pos i t i oned  on t h e  s p h e r i c a l  
s u r f a c e .  A g a i n ,  o r ,  an inc rease  i n  t he  magnitude of t h i s  
r ece ived  s i g n a l ,  i s  ob ta ined  by e l e v a t i n g  the an tennas  t o  some 
h e i g h t  ( h )  above t h e  s u r f a c e .  T h i s  g a i n  i s  de f ined  f o r  v e r t i c a l -  
l y  p o l a r i z e d  waves by 

This  express ion  f o r  he igh t  - g a i n  is v a l i d  only  f o r  

( 6 8 )  2/3  h c 3 0 h  

e. Pa th  Loss Expression f o r  t h e  Region Beyond t h e  
Specular  R e f l e c t i o n  Reaion 

S u b s t i t u t i n g  t h e  appropr i a t e  expres s ions  i n t o  equa- 
t i o n  64, g i v e s  t h e  fo l lowing  express ion  f o r  t h e  p a t h  l o s s ,  i n  
excess  o f  t h a t  r e s u l t i n g  from a f r e e  space p a t h  of l e n g t h  Rsd 

I 
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The  t o t a l  p a t h  l o s s  then  f o r  the  r eg ion  nea r  and 
below t h e  hor izon  i s  given by the sum of equat ion  1 7  and 69. 

Pa th  loss  = 2o loglORsdkm 3- 20  loglo F + 32.45 (70) 

= Surface  d i s t a n c e  between anten-  
nas  i n  kilometers and meters Rsdkmr Rsd 

V I .  SUMMARY r e s p e c t i v e l y  . 
t h a t ,  w i t h  t h e i r  implementation i n  a computer program, permi t  
r a p i d  and it i s  be l i eved  accu ra t e  p a t h  loss c a l c u l a t i o n s  f o r  
a r a d i o  l i n k  ope ra t ing  n e a r  a rough s p h e r i c a l  s u r f a c e .  

Revised p a t h  loss express ions  have been p resen ted  

Using t h e  expres s ions  presented  h e r e  t h e  p a t h  losses 
c a l c u l a t e d  are equa l  t o  those p r e d i c a t e d  by Schmid [ l ]  f o r  
the EVA-EVA c a s e ,  b u t  d i f f e r  from Schmid's p r e d i c t i o n s  f o r  t h e  
LM-EVA c a s e .  T h e  d i f f e r e n c e  ( see  f i g u r e s  3 )  i s ,  however, 
limited t o  t h e  s p e c u l a r  r e f l e c t i o n  reg ion  c a l c u l a t i o n s  and 
stems from t h e  use by Schmid of two approximations f o r  the  
phase d e l a y  of  the r e f l e c t e d  s i g n a l  - 

I n  t h e  EVA-EVA case 

4.rrhlh2 
$=IT + 

XRf s 

I n  t h e  LM-EVA c a s e  

$-IT +- 
2 

71 (h, J. + h2) 
h R f s  

Based on t h e  computer resul ts  obta ined  now it i s  b e l i e v e d  t h a t  
t h e  f i r s t  approximation above i s  more a c c u r a t e  than  t h e  second; 
however, bo th  may be s a t i s f a c t o r y  f o r  hand c a l c u l a t i n g  pa th  losses. 
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The use  of  p a t h  loss express ions  de r ived  from 
B r e m m e r ' s  r e s i d u e  series a n a l y s i s  does permi t  t h e  r a p i d  ca lcu-  
l a t i o n  of  p r e d i c t e d  p a t h  losses for  a wide range of l i n k  con- 
f i g u r a t i o n s ;  however, the  v a l i d i t y  of these c a l c u l a t i o n s  s t i l l  
remains t o  be t e s t e d  by l u n a r  s u r f a c e  communications exper ience .  

2 0 34-NWS-ms N. W. Schroeder 

8 
I 
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Table I 

Summary of Path Loss Equations 

I. Di f fuse  Ref l ec t ion  Region (region nea r  t r a n s m i t t i n g  antenna)  
1 

(17) 
= 2 0  log10Rfs&,20 loglo F + 32.45 d e c i b e l s  

(1 1 Path  Loss 

Rf skm = Direct pa th  d i s t a n c e  between antennas 
i n  k i lome te r s  

F = Frequency of Carrier S igna l  i n  MHz 

11. Specu la r  Re f l ec t ion  Region ( reg ion  ex tending  beyond d i f f u s e  
r e f l e c t i o n  reg ion  t o  n e a r  hor izon)  

1 
8 
I 

= 2 o  log1ORfskm +20 loglo F + 32.45 
(11) 

Path  Loss 

+ [DtdGrdJ } d e c i b e l s  ( 5 4 )  

rr = R e f l e c t i o n  c o e f f i c i e n t  of  rough s p h e r i c a l  s u r f a c e  

= Rough s u r f a c e  factor  r m s  

- ( [ - exp - (Inbh s i n  0 g f I>'" 
h 

Ah = Standard d e v i a t i o n  of t h e  h e i g h t s  of t h e  s u r f a c e  
i r r e g u l a r i t i e s .  

= Direct pa th  d i s t a n c e  between an tennas  i n  meters. R f s  
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Table I (con’d.) 

1 111. Diffraction Region (region near and below horizon) 

= 20 loglORsdkm + 20 loglo F + 32.45 (111) Path Loss 

= Surface distance between antennas in kilometers and 
Rsdkmr Rsd meters respectively. 

5 = Distance factor 

8 1/3 

I 
1 

f(hl,2) = antenna height-gain factors 

‘I n = Mode numbers (see  equations In text) 



Table I (cont 'd .  1 

- 
E s i n  0 - 

0 = Grazing angle  of the s u r f a c e  r e f l e c t e d  s i g n a l  

A = Wavelength i n  meters of  t h e  carr ier  s i g n a l  

- 1 / 2  
E - cos2 0 

r =  
P 

2 - E s i n  0 +I;. - cos Og] 

C g 

- 
8 c = E - j60oA r 

E = Relative d i e l e c t r i c  c o n s t a n t  of t h e  s u r f a c e  r 
u = Conduct iv i ty  of t h e  s u r f a c e  i n  mhos/meter 

D i v  = Divergence of the  s p h e r i c a l  s u r f a c e  

2 R r 1 R r 2  
Ra [Rr,+Rr2] s i n  0 

g 

(see f i g u r e  Bfor  d e f i n i t i o n  of t e r m s )  

= Difference  i n  pa th  l eng th  between the d i r e c t  and 
'path r e f l e c t e d  p a t h s  i n  meters 

2 IT 'path 
O r f  = + I ,  1 

= Gain of t r a n s m i t t i n g  antenna f o r  d i r ec t  and 
Gtd 'Gtr reflected s i g n a l s  r e s p e c t i v e l y  

= Gain of r e c e i v i n g  antenna fo r  d i r e c t  and r e f l e c t e d  
s i g n a l s  r e s p e c t i v e l y  Grd ,Grr 
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